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We present the results of the density functional theory study of ConMom nanoclusters with
n+m = x and 2≤x≤6 atoms on the all-electron level using the generalized gradient approxima-
tion. The discussion of the properties of the pure cobalt and molybdenium cluster is followed by
an analysis of the respective mixed clusters of each cluster size x. We found that the magnetic
moment of a given cluster is mainly due to the Co content and increases with increasing n. The
magnetic anisotropy on the other hand becomes smaller for larger magnetic moments S. We observe
an increase in the binding energy, electron affinity, and average bond length with increasing cluster
size as well as a decrease in the ionization potential, chemical potential, molecular hardness and the
HOMO-LUMO gap.
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I. INTRODUCTION
Transition metal clusters are of wide interest in various
areas of research and application, for example in molecu-
lar electronics, long-time magnetic data storage or in the
wide field of catalysis1. Cobalt clusters proved very inter-
esting in terms of magnetism. There are reports of a very
large magnetic anisotropy for the Co-dimer2–4 making
them very interesting for possible applications in future
storage devices for example in combination with hexag-
onal carbon rings5. It has also been shown that Mo2X2
(X = Fe,Co,Ni) are able act as a spin-filter6. Garcia-
Fuente et al.7 computed free-standing Mo4−xFex clusters
and came to the conclusion that they are good candi-
dates for molecular electronic devices. These clusters are
also used widely as catalysts. In this field the Co-Mo
clusters are also known to have a strong catalytic effect,
for example on the formation of carbon nanotubes8 or
for hydrosulfuration9,10 (using Co-Mo-S clusters). All
these works show that it is imperative to understand the
complex interaction of structural and electronic degrees
of freedom as well as the influence of different chemical
compositions of mixed cluster on the properties of the re-
spective transition metal clusters. These properties gov-
ern the possible applicability of the clusters. There are
also a few studies on mixed cobalt clusters, for example
in combination with manganese11 and copper12. Here we
present a density functional theory (DFT) study of the
ConMom nanoclusters with n+m = x and 2≤x≤6 atoms
on the all-electron level using the generalized gradient
approximation (GGA).
There are many studies available concerning the elec-
tronic and structural properties of pure cobalt3,4,13–20
and molybdenium (see21–23 and references therein) clus-
ters on a theoretical and experimental level. The re-
sults of these studies will be compared to our results for
the pure cobalt and molybdenium clusters starting from
dimers (x = 2). This will be followed by an analysis of
the respective mixed clusters of each cluster size x. In
the end we will discuss general trends in structural de-
tails as well as in the magnetic and electronic properties.
II. COMPUTATIONAL DETAILS
The starting point to construct metal clusters were
the so called finite sphere packings of different sizes24–27.
These lead to quite compact clusters. As a result config-
urations that are far from a spherical structure will be
missed. Such structures can be relevant as known from
atoms12,20 and cores28. All clusters were constructed
from scratch with the program package Avogadro29
and optimized via the internal force field mechanisms.
With these pre-prepared structures an unrestricted, all-
electron DFT geometry optimization was performed us-
ing the NRLMOL program package30–38. NRLMOL uses
an optimized Gaussian basis set39, numerically precise
variational integration and an analytic solution of Pois-
sons equation to accurately determine the self-consistent
potentials, secular matrix, total energies and Hellmann
Feynman Pulay forces. The exchange correlation is mod-
eled by GGA40,41 in the form of Perdew-Burke-Enzerhof
(PBE)42. The relaxation was terminated once forces be-
low 0.05 eV/A˚ per atom have been reached. Energetically
favored structures are now subject to a stability analy-
sis. First of all the the binding energy per atom Eb of
the cluster (ConMom) is considered which is defined as:
Eb =
E(ConMom)− n · E(Co)−m · E(Mo)
m+n
(1)
Here Eb < 0 refers to a situation where the total energy
of the given cluster is smaller than the sum of its parts,
hence the system can save energy by clustering up. For
Eb > 0 on the other hand one would expect a separation
of the cluster into smaller components. Note that it is
not always comprehensible from the literature cited in
this paper if a binding energy is given per atom or not.
Once a cluster proved energetically stable we computed
the vibrational spectra to check further for dynamical
stability. Unstable clusters will show imaginary frequen-
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As some of the stable clusters also showed a remain-
ing magnetic moment S we computed the magnetic
anisotropy D. The magnetic anisotropy is mainly due to
spin-orbit coupling43 and can be obtained within DFT
via second order perturbation theory44,45:
∆2 =
∑
σσ′
∑
ij
Mσσ
′
ij S
σσ′
i S
σ′σ
j , (2)
where ∆2 is the second order perturbation energy, σ de-
notes different spin degrees of freedom and i,j are coordi-
nate labels x, y, z. Within this framework Sσσ
′
i is defined
as
Sσσ
′
i = 〈χσ | Si | χσ
′〉, (3)
where χσ and χσ
′
are a set of spinors. These spinors
are constructed from a unitary transformation of the Sz
eigenstates. The matrix element Mσσ
′
ij is given by:
Mσσ
′
ij = −
∑
kl
〈ϕlσ | Vˆi | ϕkσ′〉〈ϕkσ′ | Vˆj | ϕlσ〉
lσ − kσ′ (4)
with the occupied and unoccupied states ϕlσ and ϕkσ′
and the respective energies lσ and kσ′ . This method can
be applied to molecules of arbitrary symmetry and has
been used successfully for the prediction of the magnetic
anisotropy of various single molecule magnets46,47. In the
absence of a magnetic field the second order perturbation
energy can be rewritten in terms of the anisotropy tensor
Dij :
∆2 =
∑
ij
Dij〈Si〉〈Sj〉. (5)
For a diagonal form of the D tensor the following expres-
sion is obtained:
D = Dzz − 1
2
(Dxx +Dyy) (6)
Within this framework D< 0 refers to an easy axis be-
havior and D > 0 indicates an easy plane system. For
an easy axis system the anisotropy barrier U is given
by U = S2|D|. Additionally we apply the correction pro-
posed by Van Wu¨llen48.
For comparison we have also computed the ionization po-
tential IP = E(N-1) - E(N) as well as the electron affinity
EA = E(N) - E(N+1) where N is the total number of elec-
trons in the system. These two quantities are also closely
related to the chemical reactivity which can be described
in terms of the chemical potential µ and the molecular
hardness η49,50. The chemical potential is a measure of
the escaping tendency of electrons from a cluster and is
defined as:
µ = −1
2
(IP+EA). (7)
The molecular hardness on the other side is given by:
η =
1
2
(IP-EA) (8)
and accounts for the resistance of the chemical potential
to a change in the number of electrons, i.e. it is related
to the reactivity of the cluster. Note that the hardness
is also related to the HOMO-LUMO gap. A small hard-
ness indicates a small gap and therefore we expect an
increase in the reactivity. An other interesting property
related to quantum mixing is the optical polarizability.
Here a small gap/molecular hardness leads to a stronger
mixing and hence a larger polarizability. A further im-
portant quantity is the absolute electronegativity defined
as χ = −µ, where large χ values characterize acids and
small χ values characterize bases.
Furthermore it has been shown51 that the bond dissocia-
tion energy D0 is related to the electron affinity and the
ionization potential via:
D0 = (IP-EA) (9)
Although the bond dissociation energy and the binding
energy are different quantities they are sometimes used
misleadingly as equivalent in literature. Note that up to
m+n = 3 there is always only one conformation for each
stoichiometric composition. For larger clusters the num-
ber of different variations grows very fast, hence only the
best will be presented in the present paper. All images
of clusters are created using Jmol52.
III. RESULTS
A. Dimers
The smallest possible clusters are dimers and within
the dimers only three different compositions for nano-
clusters are possible as shown in table I. The pure Co
dimer, the pure Mo dimer and a mixed CoMo cluster.
Within the present study the Mo dimer exhibits a non
magnetic ground state (S = 0) and a binding energy of
Eb = 1.5 eV. There has been extensive experimental as
well as theoretical research on the Mo dimer. A very
nice overview is given by Diez21, Zhang et al22 or more
recently by Aguilera-Granja et al23. There are reports of
calculated binding energies ranging from 1.36 - 2.67 eV
(see22 and references therein) depending on the level
of approximation used. Older works report even lower
binding energies well below 1 eV53,54. The experimental
value for the binding energies ∼ 2.2 eV55–57. Within
the present work the equilibrium distance of the Mo
atoms is 1.98 A˚, which is in good agreement with various
theoretical (dMo−Mo ∼ 1.8-2.1 A˚21,22 and references
therein) and experimental (dMo−Mo ∼ 1.94 A˚55–58)
results. We observe dissociation energy D0 of 6.2 eV,
which is slightly larger than those previously reported
(D0 = 4.5 eV
57- 5 eV59). Furthermore we computed a
3TABLE I: Binding energies Eb in eV, magnetic ground state S, magnetic anisotropy D, electron affinity (EA) in eV,
ionization potential (IP) in eV, the chemical potential µ in eV, the molecular hardness η in eV, the gap between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) in eV as well as
the average bond distance for the possible ConMom clusters
Cluster S D Eb EA IP µ η Gap dCo−Co dCo−Mo dMo−Mo
[K] [eV] [eV] [eV] [eV] [eV] [eV] [A˚] [A˚] [A˚]
Co2 2 -5.6 1.29 0.8 7.3 -4.02 3.22 1.99 - -
CoMo 3
2
13.4 0.83 0.6 6.7 -3.68 3.05 0.58 - 2.48 -
Mo2 0 - 1.51 0.5 6.7 -3.63 3.07 1.17 - - 1.98
Co3
5
2
-6.5 1.65 1.4 6.0 -3.71 2.32 0.07 2.21 - -
Co2Mo 2 12.5 1.31 1.3 6.2 -3.80 2.36 0.28 2.10 2.48 -
CoMo2
1
2
- 1.81 0.8 5.9 -3.36 2.58 0.63 - 2.47 2.07
Mo3 0 - 1.72 0.7 5.7 -3.26 2.50 0.61 - - 2.31
Co4 5 1.0 2.09 1.3 6.1 -3.72 2.25 0.27 2.31 - -
Co3Mo
5
2
10.7 1.74 1.3 6.1 -3.70 2.39 0.23 2.29 2.39 -
Co2Mo2 2 -28.8 1.98 1.3 5.0 -3.21 1.85 0.28 2.58 2.40 2.12
CoMo3
3
2
8.5 2.08 1.0 5.6 -3.29 2.32 0.49 - 2.43 2.42
Mo4 0 - 2.25 0.7 6.7 -3.74 2.98 0.75 - - 2.52
Co5
11
2
-1.2 2.36 1.6 6.1 -3.90 2.26 0.22 2.34 - -
Co4Mo 4 -1.5 2.27 1.1 5.9 -3.48 2.39 0.27 2.29 2.32 -
Co3Mo2
5
2
-1.6 2.36 1.4 6.2 -3.80 2.39 0.23 2.32 2.38 2.17
Co2Mo3 2 6.1 2.35 1.2 5.8 -3.52 2.28 0.48 2.21 2.47 2.35
Co1Mo4
1
2
- 2.41 0.9 5.2 -3.09 2.11 0.28 - 2.46 2.55
Co5 0 - 2.47 0.7 5.2 -2.98 2.23 0.58 - - 2.53
Co6 7 -0.02 2.73 1.5 6.6 -4.02 2.54 0.45 2.30 - -
Co5Mo
9
2
-0.6 2.57 1.4 5.9 -3.63 2.23 0.22 2.32 2.37 -
Co4Mo2 3 -2.7 2.66 1.5 5.7 -3.56 2.09 0.27 2.33 2.41 2.25
Co3Mo3
5
2
3.6 2.72 1.6 5.7 -3.61 2.06 0.37 2.33 2.42 2.40
Co2Mo4 2 -10.8 2.72 0.5 5.6 -3.05 2.56 0.46 2.26 2.49 2.45
CoMo5
1
2
- 2.74 1.1 5.7 -3.41 2.33 0.53 - 2.59 2.50
Mo6 0 - 2.84 0.1 5.2 -2.67 2.56 0.73 - - 2.55
vibrational frequency ω= 533 cm−1, which is well in
line with other theoretical works (ω= 360-552 cm−1,
see21 and references therein) and reasonably close to
the experimental value of ω= 477cm−1, see56,60. The
ionization potential of 6.7 eV is in good agreement with
experimental studies (6.4 eV ≤ IP ≤ 8.0; see57 and
references therein).
For the Co2 dimer we calculate a ferromagnetic
ground state S = 2 at an equilibrium distance
dCo−Co = 1.98 A˚ which is consistent with previously
reported theoretical3,4,13–20 and experimental2 values.
The S = 2 ground state indicates a s1d8 electronic
configuration at each Co atom which is indeed en-
ergetically favorable compared to the s2d7 electronic
configuration14,15. Additionally we report an easy axis
magnetic anisotropy. We note that the strength of the
anisotropy depends crucially on the bonding distance
and therefore also on the energetic ground state. This is
in line with the results of Wang et al.17, who reported
low lying quintet states for the Co dimer. This makes
it far from trivial to get the energetic ground state
of Co2 correctly. The predicted ground state and
hence electronic structure therefore depends crucially
on the exact details (level of approximation for the
exchange-correlation functional, convergence criteria,
etc.) of the calculation3,17,61,62. As shown in equation
(4) the computation of D depends crucially on the
electronic structure, hence it is not surprising that we
find strong changes in D depending on the details of the
calculation. Furthermore we report a binding energy
of Eb = 1.3 eV which is within the range of previously
reported theoretical values (0.87 - 5.4 eV (see20 and
references therein), and very close to the experimental
value of Eb ≤ 1.4 eV63,64. The ionization potential of
7.29 eV is also in good agreement with other experi-
mental (IP ∼ 6.3 eV)56,64,65 and theoretical (IP = 6.8 -
7.5 eV)15,16,20 reports. The electron affinity on the other
hand is with only 0.8 eV very small. Accordingly we get
a dissociation energy of 5.5 eV, which is larger compared
to previously reported values (3.1≤ D0 ≤ 4.8)66. The
computed vibrational frequency of ω= 380 cm−1 is
comparable to other GGA calculations (ω= 340-420
cm−1)13,15,16,66, whereas the experimental frequency is
given by 290 cm−1, see60.
The CoMo dimer is stable with respect to the vibra-
tional spectra as well as binding energy (Eb = 0.8 eV)
4and shows a S = 32 magnetic ground state with an easy
plane magnetic anisotropy. However the binding energy
is a factor of two smaller compared to the pure Mo2
and Co2 resulting in a much larger bonding distance
of dCo−Mo = 2.48 A˚. Furthermore we report an easy
axis anisotropy of 13.4 K. Additionally we predict a
pronounced Raman feature at 202 cm−1.
In general we see an decrease in the EA as well as in
the IP with increasing Mo concentration. This leads to
an increase in the chemical potential µ as well as an
increase in the molecular hardness η with increasing Co
content with Co2 showing the largest µ= -4.0 eV and
η= 3.2 eV. Accordingly Co2 is the most stable and least
polarizable candidate out of these three dimers.
B. Trimers
There are four different compositions for the trimers all
of which are found to be stable as shown in table I and
depicted in figure 1. As we start from the finite sphere
packing all of them form a triangular structure as shown
in figure 1.
(a) (b)
(c) (d)
FIG. 1: a): Co3, b): Co2Mo, c): CoMo2, d): Mo3; blue:
Mo, red: Co
The Mo3 cluster shows again a non magnetic ground
state with an increased binding energy Eb = 1.7 eV and
an increased average inter-molecular distance d = 2.31 A˚
compared to the respective dimer. This includes one
short bond of 2.14 A˚ and two longer bonds (2.34 A˚
and 2.47 A˚), which is in line with previously reported
work21,22,67,68 and shows the tendency of Mo cluster
for dimerization22,23 due to the half-filled shell of the
Mo atom. Furthermore we observe an increase in the
electron affinity by 0.2 eV compared to the dimer as
well as an decrease in the ionization potential by 1 eV.
This leads consequently to a lower chemical potential
(µ= -3.2 eV) and molecular hardness (η= 2.5 eV). Note
that the magnetization, binding energy and the inter-
molecular distance depends crucially on the symmetry of
the Mo triangle. While some studies report a magnetic
moment of 0.67µB/atom others predict a magnetic
moment of 0µB/atom
21,22,67. For the structure found
in our calculations we predict pronounced Raman
frequencies at 66, 220 and 406 cm−1.
For the Co3 cluster we found a S =
5
2 ground state with
an average distance of dCo−Co = 2.21 A˚ and a binding
energy of 1.6 eV/atom, which is in good agreement with
experimental data (Eb ≥ 1.5 eV)64. There is an ongoing
discussion in literature depending the energetically
favored alignment of three Co atoms. Sebetci20 and
Ma et al61 predict a linear structure to be the most
stable one, whereas several other authors11,13–16,19 find
a triangular structure to be the ground state. The
triangular structure is also observed experimentally69.
The bond length for the triangular structure varies from
2.04 - 2.24 A˚ (see20 and references therein) and agrees
well with the bond length computed in the present pa-
per. The binding energy on the other hand ranges from
1.70 eV to 5.34 eV (see20 and references therein) where
the Eb computed in this paper presents an lower bound.
The reported ground states for the Co trimer are S = 72
(see Ref. [14,16,20,61]) and S = 52 (see Ref. [11,13,15,19]),
which is consistent with the experimental report of Zee
et al.69 who could not clearly distinguish between S = 72
and S = 52 . The same behavior is observed by Ganguly
et al11, who found two degenerated ground states of
S = 52 and S =
7
2 . In the present study we also observe
a structure with S = 72 which is only 4.5 meV higher
in energy than the actual ground state of S = 52 . The
magnetic ground state depends therefore crucially on
the actual geometry (i.e. bond lenght, angles, etc.)
of the structure. Furthermore we report an easy axis
magnetic anisotropy for the Co trimer resulting in a
barrier of 41 K. The ionization potential of 6.0 eV is
in good agreement with experimental (IP = 5.97 eV)70
and theoretical (IP = 6.6 eV)15 results. The dissociation
energy of 1.55 eV/atom is also in good agreement with
literature (D0 = 1.45 eV)
12, although they predict a
much smaller IP = 4.7 eV than the one observed here and
in experiment. Consequently a larger electron affinity is
computed by Perez et al12 (EA = 2.6 eV) compared to
the one observed here (EA=1.4 eV). As already observed
for the Mo3 there is again an increase in the electron
affinity (+0.6 eV) compared to the dimer as well as an
decrease in the ionization potential (-1.3 eV). This leads
consequently to a lower chemical potential (µ= -3.7 eV)
and molecular hardness (η= 2.3 eV). Therefore we
expect the Co3 cluster to be more polarizable and less
acidic compared to Co2.
For the Co2Mo trimer we obtain an decreased Co-Co
distance of 2.1 A˚ compared to the Co-Co distance in
5the Co3 trimer. The Co-Mo distance (2.48 A˚) on the
other hand remains constant compared to the respective
distance in the CoMo dimer (2.48 A˚). The Co2Mo
trimer exhibits a magnetic ground state of S = 2 with
an easy plane anisotropy of 12.5 K. The EA ( = 1.3 eV)
and IP ( = 6.2 eV) are closely related to those of Co3
which leads to comparable chemical reactivity in terms
of µ and η. Furthermore we predict pronounced Raman
frequencies at 147, 186 and 337 cm−1.
The CoMo2 trimer on the other hand resembles more
the Mo trimer with respect to the binding energy,
inter-atomic distances and EA as well as IP (see table I)
which is consistent with the amount of Mo within the
trimer. Again we observe one short Mo-Mo distance of
2.07 A˚ which indicates a dimerization of Mo. We report
an S = 12 ground state and expect pronounced Raman
frequencies at 104, 236 and 388 cm−1.
C. Tetramers
The calculated ground states for the different
tetramers are summarized in table I and depicted in fig-
ure 2. As we start from the finite sphere packing only
tetrahedral and no square planar structures are consid-
ered as initial geometry for the optimization. However
the optimization is unconstrained so it is possible for the
structures to relax to a square planar structure.
For the Mo4 cluster we observe a non magnetic,
flattened tetrahedral ground state with a binding energy
of 2.25 eV/atom and two different distances of 2.73 A˚
and 2.10 A˚. There are two short distances with is in line
with the already mentioned dimerization tendency of Mo
clusters22,23. The ionization potential and the electron
affinity are nearly identical with those of the dimer. The
structure is also stable with respect to Raman frequen-
cies where we predict pronounced peaks at 145, 163,
195, 435 and 444 cm−1. Few studies on the Mo tetramer
are available in literature. Min et al71 report slightly
flattened tetrahedron as the ground state configuration
with a binding energy of 3 eV/atom and four equivalent
bonds of 2.31 A˚ and two elongated bonds of 2.63 A˚ and
2.75 A˚ length. Diez21 predict a ground state structure
with a binding energy of 2.59 eV/atom and bond lengths
of 3.00 A˚ and 2.23 A˚ as well as a magnetic ground
state of S = 0. Energetically close to that structure they
observed a second non magnetic structure with a binding
energy of 2.57 eV/atom and bond lengths of 2.62 A˚ and
2.12 A˚. They predict vibrational frequencies of 147, 195,
213, 437 and 459 cm−1, which is in very good agreement
to the frequencies given in this work. Additionally they
observed a variety of structures close to the ground state
with differing magnetic ground states. Zhang et al.22
and Aguilera-Granja et al23 on the other hand predict
a rhombic ground state structure with an S = 223 or
S = 022 magnetic ground state. However both studies
(a) (b)
(c) (d)
(e)
FIG. 2: a): Co4, b): Co3Mo, c): Co2Mo2, d): CoMo3,
e): Mo4; blue: Mo, red: Co
find a isomer close in energy that is nearly identical to
the structure reported here and by others21,71.
The Co4 cluster on the other hand exhibits a binding
energy of 2.1 eV/atom with an equilibrium distance
of 2.31 A˚. This includes four short bonds of length
2.17 A˚ and two long bonds length 2.77 A˚ forming again
a flattened tetrahedron, which is in line with previous
studies11–13,15,19,72–75. Other studies14,20,61 predict a
slightly out-of plane rhombus to be the ground state.
We get a total magnetic moment of S = 5 in agreement
with previous studies11–15,20,73,76. There are also reports
of S = 8 (see Ref. [61]) and S = 9 (see Ref. [72]). Those
studies found the S = 5 ground state to be slightly
larger in energy compared to the respective magnetic
ground states reported there. We also found an easy
plane magnetic anisotropy of 1.0 K. Furthermore we
report an ionization potential of 6.1 eV, which is in
very good agreement with experimental data (IP ∼
6.2 eV)64,65,70 and reasonably close to other theoretical
works (IP = 5.5-5.7 eV)12,76. We also found pronounced
Raman features at 69, 145, 211, 286 and 359 cm−1, which
is in agreement with previous theoretical work13,15,20,73.
6For the mixed cluster we observe an increase in the total
magnetic moment as well as a steady decrease in the
binding energy with increasing Co content. For CoMo3
we found a magnetic ground state of S = 32 with an easy
plane anisotropy of 10.7 K, a binding energy of 2.0 eV,
a slightly larger electron affinity (0.9 eV) and a much
smaller ionization potential (5.6 eV) compared to the Mo
tetramer. Furthermore we report pronounced Raman
features at 73, 118, 160, 182, 276 and 363 cm−1. For
Co2Mo2 we predict a S = 2 magnetic ground state with a
very large easy axis anisotropy of -28.8 K and a binding
energy of 1.9 eV. The electron affinity (1.3 eV) goes again
up compared to the Mo tetramer and is approximately
equal to the electron affinity of a pure Co tetramer.
The ionization potential (5 eV) on the other hand is is
extremely low in comparison to the other tetramers.
This results in a very low hardness (η= 1.8 eV) which
makes this tetramer easily polarizable. For Co3Mo we
found an even higher magnetic ground state of S = 52 , an
easy plane anisotropy of 8.5 K and a binding energy of
1.7 eV. The electron affinity (1.3 eV) and the ionization
potential (6.1 eV) is very close to the respective values
computed for Co4. Respectively we expect a chemical
behavior (µ, η) nearly identical to the Co tetramer.
Furthermore we report pronounced Raman features at
121, 194, 225 and 342 cm−1.
D. Pentamers
For the pentamer structure there are two different pos-
sible structures - square pyramidal (7 possible bonds) and
trigonal bypiramidal (9 possible bonds) - and six sto-
ichiometric compositions. The respective ground state
structure and selected properties of those structures are
summarized in table I, whereas the ground state geome-
try can be found in figure 3.
For the Mo5 cluster we observe a distorted trigonal
bipyramidal ground state structure (which could also be
viewed as a distorted square pyramid) with no magnetic
moment and a binding energy of 2.5 eV. The average
bonding distance is 2.53 A˚, with no exceptional short Mo-
Mo distances. Hence the tendency to form dimers seems
to be weakened in the pure Mo pentamer which was also
observed by others22. There is no change in the elec-
tron affinity compared to smaller Mo clusters whereas
the ionization potential (5.2 eV) is considerably lowered.
Consequently we observe a reduced chemical potential
µ and a reduced hardness η compared to smaller clus-
ters. Furthermore we predict pronounced Raman fea-
tures at 138, 154, 169, 207, 229, 290 and 375 cm−1.
Koteski et al68 reported a similar ground state structure.
Zhang et al.22 report trigonal bipyramidal ground state
with S = 0 with six short distances of 2.26 A˚ and three
long distances of length 2.77 A˚. Very close in energy
(Eb = +0.02 eV/atom compared to the trigonal bipyra-
midal structure) they found a pyramid with a rectan-
(a) (b)
(c) (d)
(e) (f)
FIG. 3: a): Co5, b): Co4Mo, c): Co3Mo2, d): Co2Mo3,
e): CoMo4, f): Mo5; blue: Mo, red: Co
gular base with bond length of 2*1.94 A˚, 2*2.94 A˚ and
4*2.48 A˚. This structure is also non magnetic. Nearly
identical results are reported by Min et al71. Aguilera-
Granja et al23 on the other hand predict a 2D fan-like
ground state with an S = 4 magnetic ground state. This
structure was also proposed by Zhang et al.22 however
they reported a binding energy well below the one of the
ground state.
For Co5 we observe the same ground state structure as
already mentioned for Mo5 a distorted trigonal bipyra-
mid or a distorted square pyramid. The structure has
a net magnetic moment of S = 112 with an easy axis
anisotropy leading to a barrier of 36 K and a binding
energy of 2.36 eV/atom. The average Co-Co distance
2.34 A˚ with bonds ranging from 2.2 A˚ - 2.78 A˚ as de-
picted in figure 3a. A very similar structure with S = 132
was found only 0.08 eV above the ground state struc-
ture. Furthermore we expect pronounced Raman fea-
tures at 92, 116, 133, 182, 204, 249, 300 and 334 cm−1.
There is no consistent picture in the literature concern-
ing the ground state geometry of Co5. Sebetci et al
20
report a fan-like 2d structure with S = 112 to be the
7ground state with the energetically close states of a
trigonal bipyramidal (Eb = +0.03 eV/atom, S =
13
2 ) and
square pyramidal (Eb = +0.04 eV/atom, S =
11
2 ) struc-
ture. Other studies report a square pyramidal14,73,76
or trigonal bipyramidal12,13,19,61,74,75 ground state where
the respective other geometry is always very close in
energy (∼ 0.15 eV) to the actual ground state. There
is also no consensus on the magnetic ground state.
We found reports of S = 4 (see Ref. [13]), S = 112 (see
Ref. [20,61,73,76]), S = 132 (see Ref. [11,12,14,19,74,77])
and S = 152 (see Ref. [75]), where usually a S =
11
2 or
S = 132 magnetic ground state is energetically very close
to the actual magnetic ground state. There is also no
connection between the ground state geometry and the
magnetic ground state in literature. The experimental
ionization potential about 6.2 eV65,70 which is in good
agreement with literature (IP∼ 6 eV)74, (IP = 6.5 eV)76
and the one observed in the present study (IP = 6.1 eV).
Perez et al.12 on the other hand report a significantly
lower ionization potential of 5.1 eV. The ionization poten-
tial (6.1 eV) and the electron affinity (1.6 eV) are nearly
identical to the Co3 and Co4 clusters, hence we would
expect a similar chemical reactivity.
As already noted for the tetramers, the pentamers of
mixed composition show an increase in the total mag-
netic moment as well as a steady decrease in the binding
energy with increasing Co content. For CoMo4 we get
a structure that is quite similar to the one of pure Mo5
with a binding energy of 2.4 eV. It could be described
either as a trigonal bipyramid or as a square pyramid
with a tilted base(see figure 3c). We see again two very
short Mo-Mo distances (∼ 2.1 A˚) indicating a dimeriza-
tion of Mo as well as two longer bonds (2.68 A˚) and two
very long bonds (2.8 A˚ and 2.9 A˚). We found a S = 12
magnetic ground state, a chemical potential and molecu-
lar hardness close to Mo5 and Raman features at 29, 93,
117, 135, 171, 182, 251, 358 and 397 cm−1. For Co2Mo3
the ground state structure resembles a distorted square
pyramid with a magnetic moment of S = 2 and an easy
plane anisotropy with a binding energy of 2.35 eV. No
dimerization of Mo is present, however the avarage Mo-
Mo distance is smaller compared to the tetramers with
more Mo content. Additionally we report Raman fre-
quencies for this structure at 87, 104, 132, 155, 183, 232,
261, 296 and 382 cm−1. For Co3Mo2 the ground state
structure has a binding energy of 2.36 eV and resembles
a rectangular pyramid as shown in figure 3c with two Mo
atoms at neighboring edges and two Co atoms occupying
the remaining edges. The top atom is the residual Co
atom. The Co-Co (2.20 A˚) and Mo-Mo (2.17 A˚) distance
is very short and nearly identical. The Co-Mo distance
in the plane is 2.32 A˚ forming a nearly perfect rectangu-
lar base of the pyramid. The dimerization of Mo is again
present. The ground state has a magnetic moment of
S = 52 with an easy axis anisotropy of -1.6 K, an ioniza-
tion potential (6.2 eV) and electron affinity (1.4 eV) that
resembles closely those of Co5 and Raman features at 59,
105, 149, 204, 266, 299, 386 cm−1. For the Co4Mo pen-
tamer we found again a rectangular pyramid with a bind-
ing energy of 2.27 eV and a magnetic moment of S = 4.
The anisotropy of D = -1.5 indicates an easy axis system
with a barrier of 32 K. The base of the pyramid is made
up of Co atoms whereas the top atom is Mo as shown
in figure 3b. The ionization potential (5.9 eV) and the
electron affinity (1.1 eV) are very close to the respective
values of the Co tetramer resulting in a nearly identical
chemical reactivity. This indicates that the Mo atom in
top is only loosely bound to the structure and does not
strongly influence the chemical behavior of the cluster.
We also report Raman features at 70, 121, 133, 166, 183,
247, 261, 281 and 349 cm−1.
E. Hexamers
As shown in figure 4a we considered are two different
possible starting geometries for the hexamer - an octahe-
dral structure (12 possible bonds) and ship-like structure
(11 possible bonds). The respective ground state struc-
ture and selected properties of those structures are sum-
marized in table I, whereas the ground state geometry
can be found in figure 4b - 4h.
For the Mo6 cluster we get a distorted ship-like struc-
ture as shown in figure 4h which is already close to an
octahedral structure with a binding energy of 2.8 eV.
The average Mo-Mo distance is 2.55 A˚ including one very
short distance of 2.21 A˚ at the bottom of the ship-like
structure. The structure is non magnetic with a very
low electron affinity (0.1 eV) and an ionization poten-
tial (5.2 eV) comparable to the one of Mo5. Accord-
ingly we get a very low chemical potential (µ= -2.67 eV)
in comparison to the other structures. Furthermore we
computed Raman frequencies at 62, 116, 140, 199, 206,
250, 341 and 365 cm−1. Min et al71 report an octahe-
dral ground state structure with a buckled square base
plane and a binding energy of 3.9 eV, whereas other
studies22,23,68 get a non magnetic deformed pentagonal
pyramid with a binding energy of 2.92 - 3.16 eV.
For the Co hexamer on the other hand we get a regular
octahedral ground state with a length of 2.30 A˚ for every
bond and a binding energy of 2.73 eV/atom. This reg-
ular octahedron has a S = 7 magnetic ground state with
and easy axis anisotropy of -0.02 K. Many previous stud-
ies agree on the ground state to be a regular octahedron
with S = 7, a binding energy of 2.47 - 2.98 eV/atom and a
Co-Co distance of 2.27 - 2.37 A˚12,14,19,72,73,76. Only An-
driotis et al report a significantly larger bond length of
2.67 A˚ using tight-binding molecular dynamics. Other
studies20,61 reported a distorted octahedron geometry
with a S = 7 magnetic ground state and an average Co-
Co distance of 2.31 - 2.39 A˚. Moreover we obtained a
electron affinity (1.5 eV) close to all previous pure Con
(n>2) clusters and an ionization potential of 6.6 eV. Es-
pecially the IP is in good agreement with previous exper-
imental (IP∼ 6.2 eV)65,70 and theoretical (IP = 5.07 eV12
8(a) (b)
(c) (d)
(e) (f)
(g) (h)
FIG. 4: a): Co6, b): Co5Mo, c): Co4Mo2, d): Co3Mo3,
e): Co2Mo4, f): CoMo5, g): Mo6; all invisible bonds are
as long as those directly in front of them. The ground
structure of Co6 is a regular octahedron with an
equidistant bond lenght of 2.3 A˚. blue: Mo, red: Co
and IP = 6.9 eV76) work. Moreover we observed Raman
features at 193, 238 and 347 cm−1. Sebetci et al. also
computed optical frequencies (94 and 296 cm−1), how-
ever they predict a distorted octahedron for the ground
state, hence the results may not be comparable.
For the mixed hex-atomic clusters we observe a nice tran-
sition from the distorted ship-like structure of pure Mo6
to a regular octahedron ground state structure as ob-
served for Co6 with increasing Co-content (see figure
4). This is accompanied by an increase in the total
magnetic moment as well as a steady decrease in the
binding energy with increasing Co content in agreement
with the trends already reported here for smaller mixed
clusters. For CoMo5 we also get a distorted ship-like
ground state structure with S = 12 and a binding energy
of 2.74 eV/atom. As shown in figure 4g the upper left
edge is occupied by the Co atom which has two short
bonds (2.32 A˚) to the middle Mo atoms and two long
bonds (∼ 2.85 A˚) to the neighboring edges. It could also
be viewed as a strongly distorted octehedron with a buck-
led square base plane where the buckling is due to the Co
atoms that drags two Mo atoms out of the plane. There
are no very short Mo-Mo distances hence no dimeriza-
tion occurs. Instead we see six medium size distances
(∼ 2.38 A˚) and two very long bonds of 2.8 A˚. Furthermore
we found an ionization potential of 5.7 eV and a electron
affinity of 1.1 eV as well as pronounced Raman features
at 69, 142, 200, 218, 284 and 351 cm−1. For Co2Mo4
the ground state structure can also be described as a dis-
torted ship-like arrangement with an S = 2 ground state
and an easy axis anisotropy of -10.8 K. Here the upper
two edges of the ship are occupied by Co atoms form-
ing a short Co-Co bond of length 2.26 A˚ (see figure 4f).
They form two shorter bonds (2.45 A˚) to the remaining
two edges and four longer, equidistant bonds (2.51 A˚) to
the center Mo atoms thereby pushing them downwards.
This results in four short Mo-Mo bonds (2.35 A˚) and one
very long Mo-Mo bond (2.84 A˚). Again this structure
could be also described as a distorted octehedron with a
buckled square base plane, where the buckling is due to
the Co atoms as already discussed for the CoMo5 hex-
amer. The ionization potential of 5.6 eV and electron
affinity (0.5 eV) are lower compared to the CoMo5 clus-
ter and we report Raman frequencies at 94, 115, 148,
177, 194, 225, 184 and 356 cm−1. The Co3Mo3 cluster
on the other hand resembles clearly a distorted octahe-
dron with a binding energy of 2.72 ev/atom. Again there
is no dimerization of the Mo atoms observed, on the con-
trary all Mo-Mo bonds are equidistant (2.4 A˚). The same
applies for the Co-Co bonds (2.32 A˚) although those are
shorter than the Mo-Mo bonds. The Co-Mo bonds are
also all equidistant at 2.42 A˚. The ionization potential
of 5.7 eV is very close to the one of Co2Mo4, whereas
the electron affinity is considerably larger (1.6 eV). Fur-
thermore we see Raman features at 131, 172, 230, 293
and 364 cm−1, a magnetic ground state of S = 52 and an
easy plane anisotropy (D = 3.6 K). The Co4Mo2 ground
state structure is also clearly an octahedron with a bind-
ing energy of 2.66 eV/atom, a magnetic moment of S = 3
and an easy axis anisotropy (D = -2.7 K). We report a
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FIG. 5: Various cluster properties with respect to the
Mo-concentration: a) binding energy (eV/atom), b)
total magnetic moment S, c) electron affinity (eV), d)
chemical potential µ (eV), e) molecular hardness η (EV)
and f) HOMO-LUMO gap (eV)
very short Mo-Mo distance (2.25 A˚) indicating the al-
ready discussed dimerization of Mo due to its half-filled
shell. The average Co-Co distance is 2.33 A˚ with only
slight deviations for the different Co-Co distances (2.29
- 2.34 A˚). The Co-Mo distance on the other hand show
a greater variation (2*2.33 A˚ and 4*2.45 A˚) averaging to
2.41 A˚. The computed Raman frequencies are 110, 135,
144, 161, 187, 208, 219, 252, 298 and 365 cm−1. The
chemical reactivity (µ, η) is nearly identical to the one of
Co3Mo3 due to the same calculated electron affinity and
ionization potential. Co5Mo finally resembles almost a
regular octahedron. The Mo atom sits at the top of the
octahedron and is 2.37 A˚ away from the neighboring Co
atoms. All the Co-atoms are also nearly equidistant with
2.31 A˚ and 2.32 A˚ bond length. We found a S = 92 mag-
netic ground state with an easy plane anisotropy of -0.6 K
and a binding energy of 2.57 eV/atom which is the lowest
observed for the hexamers. Again the chemical reactivity
is closely related Co4Mo2 and Co3Mo3 due to the nearly
identical ionization potential (5.9 eV) and electron affin-
ity (1.4 eV). Additionally we predict Raman features at
146, 158, 216 and 338 cm−1.
IV. GENERAL REMARKS
As already indicated within the discussion of the
various-sized clusters there are some general trends that
can be observed. As shown in figure 5a) all pure Mo
complexes show non magnetic behavior. All pure Co
complexes show a magnetic ground state that can be de-
scribed by
S =
{
2n+1
2 if n = odd
2n+2
2 if n = even
(10)
where n is the amount of Co in a given cluster20. Conse-
quently the largest magnetic ground state (S = 7) is ob-
served for the Co6 cluster. For the mixed clusters we
observe an increase in the magnetic moment with in-
creasing Co content, where the magnetic moment is in
general due the Co atoms. The magnetic ground state of
these clusters can in general also be predicted by equa-
tion (10). However in some cases the magnetic moment
is quenched, hence a smaller magnetic ground state is
found. This seems to be the case for all mixed clusters
with a Co content of n ≥ 4 and also for n = 1, where we
get an S = 12 ground state for CoMo2,CoMo4 and CoMo5
instead the expected S = 32 ground state predicted by the
model. Another interesting trend is the steady decrease
of the strength of the magnetic anisotropy (regardless
of a possible change in the sign of D) with increasing
magnetic moment. The only exception are the tetramers
where no clear trend is visible.
As shown in figure 5b), there is also a steady increase
of the binding energy per atom with increasing cluster
size, where the pure Mo clusters are usually a bit more
stable than the pure Co clusters for a given total number
of atoms x in a cluster. This trend is to be expected as
the coordination number increases with increasing cluster
size. Starting from pure Mo clusters the binding energy
goes down with increasing Co content (see figure 6) . For
each cluster size there is a slight decrease in the binding
energy with increasing Co content as already discussed in
the previous sections, where the mixed cluster with only
one Mo atom is always the least stable one.
The change in the ionization potential and electron
affinity with increasing cluster size can be discussed
within the model of conducting spherical droplets as ex-
plained elsewhere56,78–80. Within this model the cluster
is treated as a conducting sphere of radius R and the
change of the electron affinity (EA) and the ionization
potential (IP) is given by:
IP(R) = W +
3
8
e2
R
(11)
EA(R) = W− 5
8
e2
R
, (12)
with respect to the charge e and the bulk work function
W, which contains the intrinsic information regarding the
Fermi level of the infinite bulk material81. For very large
spheres IP as well as EA should approach this value. This
relation can be rewritten in terms of the volume V for a
spherical x-atomic cluster56:
IP(x) = W + 8.7x−
1
3 V−
1
3 (13)
EA(x) = W− 14.5x− 13 V− 13 . (14)
The main conclusion of this model is that one would ex-
pect an increase of the electron affinity and an decrease of
the ionization potential with increasing cluster size. As
shown in figure table I, this is in general true for the elec-
tron affinity and applies also for the ionization potential.
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It is also very interesting, that for a given cluster size x
the ionization potential and the electron affinity increases
with increasing Co content. As the chemical potential µ
and the molecular hardness η are computed using the ion-
ization potential and the electron affinity (see equation 7
and 8), the trends can also be discussed with respect to
the conducting sphere droplet model. Within this model
we get:
µ(x) = −1
2
(2W− 5.8x− 13 V− 13 ) (15)
η(x) =
1
2
(23.2x−
1
3 V−
1
3 ), (16)
where a decrease of the chemical potential µ is predicted
with increasing cluster size x. This works as a rough
estimate to describe the evolution of µ with increasing
cluster size x. Another interesting trend is the increase
of the chemical potential with increasing Co-content for
a given cluster size x. This relates directly to the increase
in the electron affinity with increasing Co-content as dis-
cussed before and shown in figure 5c). Accordingly the
cluster become more stable with increasing Co-content.
The molecular hardness η is also predicted to decrease
with increasing cluster size x due to the x−
1
3 dependency.
This works very well for small Co-contents in the clus-
ters and becomes more diffuse for n≥ 2. The reduced
molecular hardness for larger clusters results directly in
a larger polarizability for these clusters.
The behavior of the HOMO-LUMO gap is also very in-
teresting. The gap for pure Mo clusters is considerably
larger than the gap for pure Co clusters of the same size.
Additionally there is an even-odd effect traceable for all
the pure Mo cluster which is also reported in literature22.
The same effect, also to a lesser extent is visible for the
pure Co clusters. For all clusters of size x (ConMom
clusters, x = m+n) we observe a steady decrease of the
gap with increasing Co content. The exception is x = 5
where again even-odd jumps are visible and x = 6, where
the gap of the pure Co hexamer is larger than the one
of Co5Mo. On the other hand we see for n ≥ 2 in the
ConMom cluster an increase in the HOMO-LUMO gap
with increasing cluster size.
As discussed in great detail by Baletto et al82 the average
bond length is supposed to shrink with decreasing size of
the cluster. This is true for all the discussed clusters and
most evident at the evolution of the average Mo-Mo dis-
tance for pure Mo clusters (see figure 6c). For a given
cluster size x we also observe a decrease in the average
Mo-Mo and Co-Mo distance with increasing Co content.
The results on the Co-Co distance are not so clear. For
one we see a steady increase in the Co-Co distance for
pure Co complexes with the average Co-Co distance of
the hexamer slightly lower then the average distance in
the pentamer and tetramer, which is in agreement with
previous studies19. There are also no clear trends, how-
ever for a fixed n we usually see an increase in the average
Co-Co distance with increasing cluster size x.
2 3 4 5 6
1.9
2.0
2.1
2.2
2.3
2.4
2.5
2.6
A
ve
ra
ge
bo
nd
le
ng
th
(A˚
)
(a)
Co-Co
1 2 3 4 5
1.9
2.0
2.1
2.2
2.3
2.4
2.5
2.6
Co concentration
(b)
Co-Mo
x=2
x=3
x=4
x=5
x=6
0 1 2 3 4
1.9
2.0
2.1
2.2
2.3
2.4
2.5
2.6
(c)
Mo-Mo
FIG. 6: Average bond distances between neighboring
(a) Co atoms, (c) Mo atoms and (b) Co and Mo atoms.
V. CONCLUSIONS
Overall it can be stated that the usual, size-dependent
tendencies for metallic clusters are fullfilled. We observe
an increase in the binding energy, electron affinity, and
average bond length with increasing cluster size as well
as a decrease in the ionization potential, chemical po-
tential, molecular hardness and the HOMO-LUMO gap.
The evolution of the electronic properties (electron affin-
ity, ionization potential) and chemical reactivity (chem-
ical potential, molecular hardness) with increasing clus-
ter size x can be well understood within the conducting
sphere model. The magnetic ground state is mainly gov-
erned by the Co atoms in a given ConMom cluster and
increases with increasing cluster size and increasing Co
content in a cluster of size x. For nearly all systems we
observe a decrease in the magnetic anisotropy (regard-
less of a possible change in the sign of D) with increasing
magnetic moment, the only exception being x = 4 where
no clear trend is visible. This has also been shown exper-
imentally for small Co-clusters2. The trends observed for
clusters of size x with different chemical compositions can
be assigned to the Co content n and for a given n clusters
of different sizes usually behave likewise. For example the
binding energy for n = 0 increases with increasing cluster
size. This rule applies also for n = 1,..,6. Similar conclu-
sion can be made for the other properties considered in
the present paper like electron affinity, chemical poten-
tial, bond length and so on. Due to the very interesting
magnetic properties these ConMom complexes might also
be interesting in the field molecular electronics, for ex-
ample for data storage or spin-dependent transport.
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